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DENSITOMETERS AND METHODS FOR MEASURING OPTICAL DENSITY 

5 

FIELD OF THE INVENTION 

The invention generally relates to densitometers and methods for measuring optical 

density. 

BACKGROUND OF THE INVENTION 

10 Densitometers are used to control color in a printed product. Color control is 

desirable so that a color printed with a printing apparatus matches, for example, the same 
color displayed on a monitor, or generated by a scanner, camera, or other device, or printed 
by another apparatus. Color consistency is desirable across consecutive pages of a multi- 
page printed document, job to job, within the same page, and machine to machine. 

15 Densitometers measure optical density, which is generally proportional to ink 

thickness. Briefly, a densitometer illuminates an area with light from an optical device and 
detects the light reflected or transmitted from the area. The reflected light is converted to an 
electrical signal, for example by a photodetector, and the resultant electrical signal is 
indicative of the ink thickness. 

20 Printing apparatuses typically employ between 4 and 7 inks. Densitometers 

accordingly may include a light source and a plurality of filters or a plurality of light sources - 
each to illuminate, and determine the thickness of, a different ink color. For example, in one 
known system including a densitometer with a plurality of sequentially drivable light-emitting 
diodes (LEDs), the LEDs sequentially illuminate a measuring point and the reflected light is 

25 processed to determine ink density values. That is, light is received from illumination by each 
LED, one after another. The need to sequentially illuminate each desired area with a plurality 
of light sources limits the speed with which several areas can be measured. 

Standards have been developed for defining the color spectrum - such as the ANSI T 
standard. Standards are typically based on illuminating an area with a light source having a 
30 particular spectrum, so that the reflected light can be universally interpreted. Accordingly, 
interference filters are used in one system to match the spectral intensities of the illuminating 
LEDs to spectral ranges provided for obtaining ink density values. The interference filters add 
complexity, expense to the system and reduce its reliability.. 
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Further, some state of the art densitometers employ one or more incandescent 
Tungsten lamps. Generally, the Tungsten lamps add additional cost to the densitometer, and 
produce excess heat. The excess heat effects the densitometer reading and diminishes the 
accuracy of a densitometer employing a Tungsten lamp. Tungsten lamps take a certain 
5 amount of time to stabilize, which increases the time necessary to take a densitometer 
reading. The performance of a Tungsten lamp also changes over its lifetime, and aging 
effects can pose problems for the accuracy of the readings. 

SUMMARY OF THE INVENTION 

According to a first aspect of the present invention, methods for measuring optical 
10 density are described. The color printed on an area is determined. Based on the determined 
color, at least a first illumination source is selected. The area is illuminated with the selected 
illumination source. Radiation is received from the area, and the received radiation is 
converted to a signal indicative of optical density. In some embodiments, the signal indicative 
of optical density is a standardized signal indicative of standardized optical density. Further 
15 embodiments provide compensation for the effects of heating of the selected illumination 
source during illumination of the area. Heating compensation is provided in some 
embodiments by generating a corrected signal indicative of optical density using a non-linear 
relationship between the voltage across a light emitting diode and the signal indicative of 
optical density. 

20 According to another aspect of the present invention, methods for calibrating a 

printing apparatus are provided. An area having a color is printed. Based on the printed 
color, at least one illumination source in a densitometer is selected. A signal indicative of 
optical density in the area is provided by the densitometer. In some embodiments a plurality 
of areas are printed each having a color. A signal indicative of optical density in each of the 

25 areas is then provided by the densitometer. 

According to another aspect of the present invention, a densitometer is provided. 
Embodiments of the densitometer include first illumination source to illuminate an area. A 
sensor for receiving radiation from the area is provided. A processor is coupled to the sensor 
for converting the received radiation to a standardized signal indicative of standardized optical 
30 density. 

In some embodiments, the processor is further configured to compensate for the 
effects of heating of the illumination source during illumination. 

According to another aspect of the present invention, a printing apparatus is provided. 
Means for printing at least one ink on an area is coupled to a controller. A densitometer is 
35 further coupled to the controller, the densitometer positioned to illuminate the area and 
generate a standardized signal indicative of standardized optical density of the area. 
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According to another aspect of the present invention, a document or other article 
printed using embodiments of densitometers, methods, or printing apparatuses of the 
invention are provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention may be better understood, and its features and advantages 
made apparent to those skilled in the art by referencing the accompanying drawings. 

FIG. 1 depicts a method for measuring optical density, according to an embodiment 
of the present invention. 

FIG. 2 depicts an illumination source spectrum, a standard spectrum, and an ink 
spectrum, each showing intensity versus wavelength according to an embodiment of the 
present invention. 

FIG. 3 depicts a densitometer, according to an embodiment of the present invention. 

FIG. 4 depicts arrangements of an illumination source and a sensor according to 
embodiments of the present invention. 

FIG. 5 depicts a printing apparatus, according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION 

One embodiment of a method for measuring optical density according to the present 
invention is shown in FIG. 1. A color on an area is determined in step 10. For example, in 
accordance with embodiments of the invention, data is received that indicates the ink used to 
print an area. In typical printing apparatuses, any number of inks, including 1, 2, 3, 4, 5, 6, 
and 7 inks, or a greater number of inks are used. In accordance with embodiments of the 
present invention, cyan, magenta, yellow, and black inks are used in a printing apparatus. In 
some embodiments, additional inks are provided. The determination in step 10 indicates 
which ink, or combination of inks, in some embodiments, were used to print an area whose 
optical density will be measured. Accordingly, in some embodiments, data regarding inks 
used to print one or more areas are stored in a densitometer. The densitometer accesses the 
stored data to determine the color printed on an area. In other embodiments, data regarding 
one or more inks used to print an area are transmitted to the densitometer. In embodiments 
where a digital press is used, for example, information regarding the color being printed is 
available from the digital press itself. Accordingly, in some embodiments, the densitometer 
receives data similar to that stored in the digital press regarding colors to be printed. In some 
embodiments, the printing apparatus may transmit data regarding a color being printed to the 
densitometer. 
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Still referring to FIG. 1, based on the determined color, at least a first illumination 
source is selected in step 15. In some embodiments of the invention, the selected 
illumination source is a light-emitting diode. In some embodiments, the selected illumination 
source includes a plurality of light-emitting diodes. In some embodiments, the selected 
5 illumination source is a Tungsten lamp or other source of electromagnetic illumination. The 
selected illumination source may be chosen based, at least in part, on the color printed in the 
area, as indicated by the color determined in step 10. In accordance with embodiments of the 
invention, the illumination source is chosen from a group of available illumination sources, 
each having a different electromagnetic spectrum, typically red, green, and blue. The 

10 selected illumination source, in accordance with embodiments of the invention, will have an 
electromagnetic spectrum suitable for measuring the optical density of an area having the 
color indicated by the color determined in step 10. In some embodiments, an illumination 
source having a spectrum complementary to the color measured may be used. Typical 
complementary color pairs include Red-Cyan, Blue-Yellow, and Green-Magenta. 

15 Accordingly, in embodiments of the present invention, a red or orange light-emitting diode is 
selected to illuminate an area printed with Cyan ink, a green light-emitting diode is selected to 
illuminate an area printed with Magenta ink, a blue light-emitting diode is selected to 
illuminate an area printed with Yellow ink. In some embodiments, a fourth light source is 
included to facilitate pattern recognition or to compensate for ambient and/or internal 

20 reflections. 

The area is then illuminated with the selected illumination source, in step 20 of FIG. 1 . 
The illumination may occur, in accordance with embodiments of the invention, at any of a 
variety of distances and angles from the area. The distance and angle of illumination will be 
influenced by a variety of factors including, but not limited to, printing media, printing 

25 apparatus, illumination intensity, illumination source, resultant illumination spot size, lenses, 
and the method of receiving radiation from the area used. The invention is not restricted to 
any particular angle or distance as it is known how optics may be used to illuminate and 
collect radiation from surfaces at a variety of angles and distances and such optical systems 
may be used in conjunction with the densitometers, apparatuses, and methods described 

30 herein. 

Radiation is then received from the area, in step 25, shown in FIG. 1. As described 
further below, in some embodiments radiation transmitted from the surface of the area is 
received. In some embodiments, radiation transmitted through the area is received. In some 
embodiments, both reflected and transmitted radiation are received, for example, if a gloss 
35 meter is used. 

The received radiation is converted to a signal indicative of optical density in step 30, 
still referring to FIG. 1. For example, in one embodiment, the received radiation is collected 
by a light-to-voltage (LTV) sensor and converted to a voltage signal. The voltage signal 
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generated is interpreted as an optical density as known in the art. In some embodiments, a 
plurality of readings are taken for an area, and the signals averaged to generate an average 
signal indicative of optical density. Other embodiments use one or more different statistical 
methods, instead or in addition to averaging, to generate a signal indicative of optical density. 
5 In one embodiment, optical density (OD) is calculated according to the equation: 

OD = alog(V ln> ) + b (1) 

where a represents slope, b represents an offset, and is the voltage generated by a light- 
to-voltage sensor. Generally, a and b are empirically determined values. Compensation for 
scattering and ambient light may also be employed, as known in the art. 

10 In some embodiments, the received radiation is converted to a standardized signal 

indicative of standardized optical density, in step 30 of FIG. 1. Converting the received 
radiation to a standardized signal generally refers to compensating for the spectrum of 
illuminating radiation to the area measured. For example, in one embodiment, an area is 
illuminated with electromagnetic radiation having a first spectrum and the standardized signal 

15 generated represents a signal that would have been received during illumination of the area 
with electromagnetic radiation having a standard spectrum. This is advantageous, for 
example, when a standard measurement is desirable, such as an ANSI T-status, or other 
ANSI status measurement, such as, but not limited to, ANSI A status. Standards, such as the 
ANSI T-status, generally specify the spectrum of electromagnetic radiation used to illuminate 

20 an area and interpret the resultant signals. In some embodiments of the present invention, 
illumination sources are used that do not emit the spectrum of electromagnetic radiation 
specified by the standard. For example, FIG. 2 depicts a standard Red spectrum 100 as 
defined by the ANSI T-status standard to measure Cyan ink as well as a spectrum 105 of an 
orange LED used in one embodiment to measure Cyan ink, a spectrum 110 of which is also 

25 shown in FIG. 2. Each spectrum generally represents a plot of intensity versus wavelength. 
In accordance with embodiments of the present invention, ANSI T-status compliant 
measurements are obtained by converting the received radiation to a standardized signal 
indicative of standardized optical density. Accordingly, in one embodiment, the standardized 
signal is an ANSI T-status signal. So, for example, with reference to FIG. 2, a signal 

30 indicative of the optical density of an area printed with cyan ink is received after illumination 
with an orange LED having the spectrum 105. The signal is converted to a standardized 
signal indicative of the standardized optical density of the area generally representing a signal 
that would have been generated by illumination with the defined T-status red spectrum 100. 
In other embodiments, a different spectrum is used. 

35 In accordance with embodiments of the invention, one or more look-up tables are 

generated for converting the received radiation to a standardized signal indicative of 
standardized optical density, in step 40, referring to FIG. 1. In some embodiments, the look- 
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up table is provided. In other embodiments, one or more look-up tables are generated 
through one or more calibration measurements. To calibrate the densitometer used to 
measure optical density according to embodiments of the present invention, an area is printed 
with a color at a known density, and illuminated with a first illumination source chosen based 
on the printed color. In some embodiments, a plurality of calibration measurements are taken 
to generate a look-up table, while in some embodiments only one measurement is made. 
Values not explicitly in the look-up table may be interpolated from other values in the table, 
according to embodiments of the invention. In some embodiments of the invention, one look- 
up table is generated for each color to be measured. Accordingly, to convert received 
radiation to a standardized signal indicative of standardized optical density in step 30 of FIG. 
1, in embodiments of the invention, an appropriate look-up table is selected based on the 
color of the area to be measured. The selected look-up table is used to associate the 
received radiation with a standardized signal indicative of standardized optical density. 

Embodiments of methods according to the present invention include compensating 
for the effects of heating of the selected illumination source during illumination of the area, 
step 45 in FIG. 1. In some embodiments of the present invention, the signal indicative of 
optical density generated is effected by heating of the illumination source. Without being 
bound by theory, as the illumination source heats up, its intensity falls. In accordance with 
embodiments of the present invention, a corrected signal is calculated from the signal 
indicative of optical density. The corrected signal is calculated using a non-linear formula 
relating the signal to a control parameter of the illumination source. For example, in one 
embodiment the illumination source is a light-emitting diode and the sensor receiving radiation 
from the illuminated area is a light-to-voltage sensor. The voltage across the light-emitting 
diode is measured and the light-to-voltage (LTV) sensor value is modified as follows: 



■r mrm-rr LTV . _ . 

LTV = (2) 

corrected if ir v ' 
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V 
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Where LTV is the measured light-to-voltage sensor voltage, LTV cor rected >s the corrected 
sensor voltage, C is an empirical factor chosen depending on the LED color, current, and/or 
batch, Vo led is a baseline voltage and V LE0 is the operational voltage, or present voltage 
reading. This generally provides a non-linear relationship between the LED voltage and the 
light-to-voltage sensor voltage. 

Embodiments of the present invention provide densitometers. An exemplary 
densitometer 210 is schematically depicted in FIG. 3. Densitometer 210 includes an optical 
head 200 and a processor 205. Processor 205 may be implemented in software, hardware, 
or a combination thereof, according to embodiments of the invention. In one embodiment, 
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processor 205 is a microprocessor. In one embodiment, processor 205 is a hardware circuit. 
The optical head 200 includes at least one illumination source 215 for illuminating an area 
and at least one sensor 220 for converting radiation received from the area to a signal. In one 
embodiment, the at least one illumination source 215 includes a light-emitting diode and the 
5 at least one sensor 220 includes a light-to-voltage (LTV) sensor. In some embodiments, a 
plurality of illumination sources are included in optical head 200, such as in one embodiment, 
an orange LED, a green LED, a blue LED, and a red LED. In one embodiment, the optical 
head 200 includes 4 LEDs and two light-to-voltage (LTV) sensors. The illumination sources 
and sensors are arranged to illuminate an area and receive radiation from the area, 

10 respectively as known in the art. The processor 205 is provided to convert the received 
radiation to a standardized signal indicative of standardized optical density, as described 
above. In some embodiments, the processor 205 is configured to compensate for the effects 
of heating of one or more of the illumination sources, as described above. In some 
embodiments, the densitometer 210 includes a memory coupled to the processor 205 storing 

15 a look-up table associating signals indicative of optical density with standardized signals 
indicative of standardized optical density, and/or for storing empirical C values for use in 
Equation (2) above during compensation for illumination source heating. In some 
embodiments, processor 205 is configured to perform pattern recognition during or after the 
densitometer takes a plurality of measurements. In embodiments including pattern 

20 recognition, the densitometer is configured to recognize a synchronization signal initiating a 
pattern. 

Other electronics may be included in the densitometer 210 including, but not limited 
to, an analog-to-digital (A/D) converter, a digital-to-analog (D/A) converter, as known in the 
art. In some embodiments, an A/D converter is provided to read LED voltage. In some 

25 embodiments, the A/D converter further reads LTV voltages. In some embodiments, a D/A 
converter controls LED current. In one embodiment, a D/A converter and an A/D converter 
are provided on a printed circuit board along with the processor 205. A/D and D/A converters 
are well known in the art, and the particular converters used will depend on the type of 
illumination sources and sensors used, the speed desired, and the cost of the converter. In 

30 one embodiment, a 12 bit D/A converter is provided to control LED current, a 12 bit A/D 
converter is provided to read LED voltage, and a 16 bit A/D converter is provided to read LTV 
voltages. The converters in one embodiment are coupled to a processor with sufficient speed 
and memory to perform the above calculations. Components of the densitometer may 
generally be implemented as hardware, software, or a combination thereof. 

35 Components of the densitometer may be arranged in a variety of ways, according to 

embodiments of the invention. FIG. 4 depicts several arrangements of the illumination source 
215 and the sensor 220 according to embodiments of the present invention. The present 
invention is not limited, however, to the configurations shown in FIG. 4. FIG. 4 depicts the 
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placement of illumination source 215 and sensor 220 relative to printing media 325. Printing 
media 325 contains a printed area. The printing media 325 is any of a variety of media, in 
accordance with embodiments of the present invention, including but not limited to, paper, 
glossy paper, transparencies, fabric, metal, foil, plastics and polymers, skins or leather, glass, 
5 and the like. In some embodiments, sensor 220 receives radiation transmitted through the 
area. Accordingly, in those embodiments the illumination source 215 is placed on the 
opposite side of the printing media as the sensor 220, as shown in FIG. 4. In some 
embodiments, the illumination source 215 and the sensor 220 are positioned on the same 
side of printing media 325 and are arranged such that the sensor 220 receives radiation 
10 transmitted from the printing media 325. In some embodiments, one sensor in the 
densitometer is a specular sensor, allowing the densitometer to advantageously serve as a 
gloss meter. 

Embodiments of the present invention further provide a printing apparatus. An 
exemplary printing apparatus 300 is shown in FIG. 5. In some embodiments, the printing 

15 apparatus includes means for generating a signal indicating a color printed in an area, such 
as a printing apparatus controller 315. The printing apparatus 300 also includes means 310 
to print one or more inks 320 on a printing media 325. In one embodiment, the means 310 
includes a drum and one or more developers, as shown in FIG. 5 and known in the art for 
laser-driven printing in a digital printing press. However, other printing means may be used 

20 as means 310 including, but not limited to, inkjet printing mechanisms, bubble jet printing 
mechanisms, and other printing apparatus mechanisms as known in the art. As discussed 
above, any number of inks may be used including, but not limited to, 1, 2, 3, 4, 5, 6, 7, or 
more inks. The printing apparatus 300 further includes a densitometer 210 positioned to 
illuminate an area of the printing media 325 and receive radiation from the area. The 

25 densitometer 210 is coupled to the printing apparatus controller 315 and configured to 
determine the color being printed and generate a standardized signal indicative of 
standardized optical density of the area. The optical density measurements from the 
densitometer 210 are used to control ink thickness printed by means 310. 

Embodiments of the present invention provide one or more documents or other 
30 articles printed with the printing apparatuses described above. Documents or other articles 
may include any of the printing media described above. Documents or other articles may 
include, but are not limited to, photographs, brochures, advertisements, literature, flyers, 
newspapers, magazines, compact discs (CDs) or other recording media, and the like. Other 
articles may also or alternatively be printed with the printing apparatuses described above. 
35 Documents or other articles may also be printed using the methods of measuring optical 
density described herein. 

Methods and apparatuses according to embodiments of the present invention can be 
used in a variety of ways. Because the methods and densitometers according to 
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embodiments of the present invention determine a color in an area, they select the 
appropriate illumination source, based on the color. Accordingly, optical density 
measurements taken according to embodiments of the present invention are faster than 
typical conventional measurements, where it is necessary to illuminate an area with a plurality 
5 of illumination sources, or illuminate through a plurality of filters, sequentially. In one 
embodiment, an optical density measurement takes less than 1 millisecond. In some 
embodiments, an optical density measurement takes less than 0.1 milliseconds. In some 
embodiments, an optical density measurement takes about 10 microseconds. In many 
embodiments a test strip having a plurality of test areas, each printed with a color is 
10 measured. In one embodiment, a 400mm strip is read in 200 milliseconds while taking more 
than 1000 readings. Typical conventional devices and methods take hundreds of milliseconds 
for each such optical density measurement. Accurate heat compensation also improves the 
speed and accuracy of the measurement in some embodiments. 

Embodiments of the present invention further provide increased resolution. In some 
15 embodiments, the resolution of area to be measured is less than 4mm, in some embodiments 
less than 3.5 mm, in some embodiments less than 3mm, in some embodiments less than 
2.5mm, in some embodiments less than 2mm, in some embodiments the resolution is 1.6mm, 
and in some embodiments it is less than this dimension or at intermediate dimensions. Other 
embodiments have larger than 4mm resolution. In some embodiments with the specular 
20 sensor, the resolution achievable is 1.4mm and larger. 

Further, embodiments of the present invention allow a pattern (in one embodiment, a 
test strip) to be read at variable speed. 

The foregoing descriptions of specific embodiments and best mode of the present 
invention have been presented for purposes of illustration and description. They are not 

25 intended to be exhaustive or to limit the invention to the precise forms disclosed, and many 
modifications and variations are possible in light of the above teaching. The embodiments 
were chosen and described in order to best explain the principles of the invention and its 
practical application, to thereby enable others skilled in the art to best utilize the invention and 
various embodiments with various modifications as are suited to the particular use 

30 contemplated. It is intended that the scope of the invention be defined by the claims 
appended hereto and their equivalents. 



